Introduction
It is difficult to improve upon the judgement of an experienced greenhouse grower when it comes to forecasting yields in familiar circumstances, e. g. for a given location, type of greenhouse, and production method. However, when a rather new production variable is introduced, one would prefer to try a prediction method that, while subject to eventual improvement, would not require many years of experimentation and experience. Thus, theoretical models are helpful when a greenhouse crop is to be grown in an unfamiliar climate, a new type of greenhouse, or in an unusual interior environment.
A case in point of the latter is the use of a controlled and augmented level of 18 carbon dioxide.
There have been a number of greenhouse models reported in the last 20 years as the use of computers has become more common. Most are energy budget models that predict the temperature inside the greenhouse, or estimate heat requirements at night from the environmental conditions outside the greenhouse (3, 6, 18) .
Some include crop growth in the greenhouse, as those reported by Inoue (11), Horie(9), Van Bavel and Sadler(22) , but few of them predict the yield of the crop.
We have formulated a method to calculate tomato yield as a function of greenhouse carbon dioxide concentration, temperature, and light level. To make its application possible at the most general level, i. e. by extension specialists and growers themselves, it has been prepared for use on the IBM-PC, using the Turbo Pascal Language(2).
Pascal has the advantages of having a transparently logical structure, a standardized code and, hence, a high degree of machine independence. It also fully exploits the growing memory capabilities of the current generation of microcomputers.
We also conducted two experiments, in a set of three ventilated compartments, located inside a standard greenhouse, to test the ability of the model to make adequate predictions.
Model Design
The model is not a greenhouse model, in the sense that it does not calculate the green house climate from the outside environment and from the climate control functions such as heating, cooling, and carbon dioxide enrichment.
Preliminary calculations of such a nature have indicated that the amount and cost of carbon dioxide required might well be the largest single production cost element (20) .
Hence, the input/output relation is all the more interesting.
The following are the physical inputs to the model. Kano(12) .
In the following, some of the principal features are explained.
The amount of light actually absorbed by the leaves of the crop is calculated from measured or estimated light levels inside the greenhouse, as a function of time of day. The absorption function was constructed using the Stewart model(1).
Leaf temperature was assumed to be equal to air temperature but 1°C higher when the light level exceeded 50 Wm-2. Air temperature was estimated from daily maximum and minimum values.
The aerodynamic resistance of the crop foliage was set at a constant level of 150 sm-1, implying that the relative importance of stomatal movement is limited under greenhouse conditions.
Values between 50 (ventilated) and 250 sm-1 (unventilated) have been reported for the resistance in a greenhouse(17).
The basic photosynthesis equation (Eq.1) was taken from Van Bavel (19) .
It is essentially a double Michaelis-Menten relation in terms of light energy absorbed and of the C02 level in the leaf.
A term for the temperature effect was added to the equation using results from E1-Sharkawy and Hesketh
Potential photosynthesis rate, gm-2s-1 Pmax : Maximum photosynthesis rate, gm-2 s-1 I : Absorbed incident, photosynthetically active radiation, Wm-2, E; Efficiency of light utilization, Jg-1, C1 : C02 concentration in the leaf, gm-3, C~ : C02 compensation point, gm-3, E~ : Efficiency of C02 utilization, m3g-1, f (T1) : Temperature function. The above equation defines the potential value of the photosynthesis rate, PpOt, as determined by environmental conditions only. The model also embodies a negative feedback from the degree of photosynthate pool saturation on the rate of photosynthesis ; in other words, the actual rate is found from a proposed relation between the pool size ralative to the maintainable dry matter and the potential photosynthesis rate(8). This relation is shown in Fig. 1 , in which all values are normalized by dividing by the maintainable dry matter.
It is necessary to point out that the reality of this mechanism has not been clearly demonstrated from experiments.
The growth rate is also a function ( Fig. 1 ) of the pool size, having a maximum value (16), as was done by Horie(10).
The respiration rate is defined in the following way.
R It was assumed, as a working hypothesis, that, during the fruit development, the fruit cluster had a maximum sink capacity equal to half that of the vegetative part, and that, at most, three clusters could develop simultaneously.
The overall organization of the carbon accumulation model is given in the diagram of Fig. 2 . Change in leaf area must be considered because the potential photosynthesis rate per unit leaf area is, first, calculated using the absorbed radiation per unit leaf area. It is later converted to the value per unit floor area and used for calculating the actual rate. Fig. 1 . Relation between pool size (ns)and photosynthesis (npr) ; also, between pool size and growth tate (ngr). Yg is the yield of growth. 
Materials and Methods
Model application.
Since two experiments were done, each at three levels of carbon dioxide, a total of 6 simulation runs were made, with the total dry matter, the fruit mass, and the leaf area index as outputs, all three as a function of time.
The carbon dioxide assimilation rate was also simulated for a comparison with measured data taken on selected days.
On experiment was carried out from Au gust 1983 to February 1984, and the second from July 1984 to November 1984. Carbon dioxide levels were maintained at ambient (340 ppm), at 700 ppm, and at 1000 ppm. Measured values for light and temperature were entered as data in the simulations.
Experimental methods. In the first experiment, tomatoes (variety `TVT 2') were transplanted on August 20 , 1983 into a quonset-type, double inflated polyethylene film greenhouse.
Three 2x2 x 10 m chambers made of 0.1 mm polyethylene were built inside the greenhouse, each with a double row of plants with 45 plants in each chamber.
The light level in the chambers was about 60% of that outside the greenhouse.
Inside temperatures and humilities were monitored continuously.
The chambers were ventilated at a constant rate of 20 air changes per hour with greenhouse air, which was heated or evaporatively cooled as needed.
Fresh air was always introduced into the greenhouse except on a few very cold days. The three chambers were maintained at ambient (340 ppm) and two enriched levels (700 and 1000 ppm) during the day. From the measured ventilation rate and the decrease of the CO2 level between intake and outlet, the carbon dioxide assimilation rate could be measured.
The tomato plants were grown in the sand floor and drip irrigated with a nutrient solution with 170 ppm (on a mass basis) N, 50 ppm P, and 320 ppm K. The plants were topped to 5 clusters and harvested twice weekly.
The experiment was terminated on February 9, 1984, even though some fruits had not fully matured.
In the second experiment, tomato plants (variety `Tropic') were directly seeded on July 25, 1984 in 7 liter pots filled with an artificial medium (f ritted clay) whose physical properties were reported by Van Bavel, et al. (21) . The plants were drip irrigated with the same nutrient solution as in the first experiment.
We did not top the tomatoes, and the experiment was terminated on October 29, 1984 with 5 clusters having developed, but without mature fruits. The chamber treatments were as in the first experiment, though the CO2 concentration in the chamber was more closely controlled by continuous feed-back.
Initially, there were 240 plants in each chamber. Through biweekly harvesting for leaf area development and dry matter accumulation, the number was reduced to 30 per chamber at the end of the experiment.
The principal purpose of the first experion in sm-1 at different CO2 concentrations. ment was to test the model for its adequacy in predicting fruit yield, whereas the purpose of the second experiment was primarily to test the prediction of dry matter accumulation and of the rate of CO2 assimilation during the daytime.
Although both objectives could be attained simultaneously, this did not appear to be practical.
In both experiments, temperature, humidity, carbon dioxide level, and light level were monitored.
Generally, temperatures varied between 33 and 20°C, and the maximum irradiance was about 550 Wm_2 in the chambers.
Occasional measurements of the CO2 assimilation rate of each chamber were made on selected days by measuring the difference in CO2 concentration of incoming and C. H. M. VAN BAVEL outgoing air using an infrared gas analyzer (ADC Corporation, Series 225). Leaf epidermal resistance was measured with a steady-state leaf porometer (Li-Cor, Model LI-1600) on selected days during the second experiment.
Results Table 1 shows the measured leaf resistance to water vapor diffusion.
The numbers were for both sides of the leaf. A value of 30 sm-1 was taken for the minimum leaf resistance as closest round number to the value at 340 ppm at 14 : 00 on October 17, 1984, while the maximum, or cuticular, resistance was assumed to be 2000 sm-1 (24) .
The multiplier for the effect of CO2 level on leaf resistance was estimated as 2.0 for 700 ppm and 2.5 for 1000 ppm. Both sets of numbers were used in the model.
The results of the measurement of carbon dioxide assimilation rate, taken in the second experiment, will be shown first. Only a few measurements could be taken in each chamber on the same day, as it was necessary to have a nearly clear sky during a major part of the day, and since only one chamber could be measured at a time.
There were only two days with suitable conditions for the measurements because of an unusually long cloudy period in October, 1984.
The rate of carbon dioxide assimilation was measured over a period of about one hour.
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The calculated value was found from the simulation procedures `photosynthesis' and `respiration', using hourly measured values for the environmental variables and a LAI (leaf area index) value measured immediately before and after the assimilation measurements.
The output of this test is given as Fig. 3 for September 30, 1984 and as Fig. 4 for October 14, 1984.
The measured and simulated accumulation of dry matter by the entire above-ground plants and by the fruits alone during the sec and experiment (1984) , is given in Figs. 5 and 6, respectively.
Finally, the comparison of the calculated and measured yield of harvested fruits from the first experiment (19831984) is shown in Fig. 7 . The final yield from 5 clusters for the standard treatment in terms of fresh weight was estimated at 5.3 kgm
In judging the adequacy of the simulation program, it should be kept in mind that a number of parameters had to be arbitrarily chosen or estimated from data by others. However, all values, except the anthesis date of the first cluster, were selected before any experimental data were obtained.
One adjustment was made afterward, in estimating the LAI as 15% higher than actually measured with a leaf area meter (Li-Cor, model LI-3100), since the "green" surface of the tomato plant is not fully measured with the standard optical projection of leaflets.
Difficulty was experienced in maintaining and recording the ambient carbon dioxide level over periods of many weeks in the first experiment.
Also, the measurement of C02 assimilation rate from direct differential C02 analysis proved unreliable at times.
It is seen from Figs. 3 and 4 , that predicted and measured C02 assimilation rates agreed in magnitude, but that the accuracy of prediction leaves much to be desired.
Therefore, the differences are not likely significant as the random error is large.
Overall, both data and simulation imply that the effect of C02 enrichment is one of diminishing returns.
More precise work on whole plants on a leaf area basis, rather than on single leaves, seems in order.
The prediction of total and of fruit dry matter accumulation (Figs. 5 and 6) showed good agreement for the fruits, but not for the entire plants (the root dry mass had to be ignored and was estimated to less than 10% of total dry mass in any event). Both measured and predicted values for the fruits suggest a significant, but not overly strong effect of C02 enrichment on eventual yields of mature fruit.
This conclusion was borne out by both predicted and measured yields in the first experiment, as shown in Fig. 7 . In yield prediction, the simulation appears to give accurate results, but, as a practical matter, the effect of enrichment, a 31% increase as measured and 36% as calculated at the 850 ppm level, as the average of the effects at 700 and 1000 ppm, is not large.
Similar magnitudes of tomato yield increase by C02 enrichment have been reported by Calvert(4), Calvert and Slack(5), Kimball and Mitchell(13) , and Wittwer and Robb(23) .
Often, the justification for enrichment is the avoidance of depletion caused by the tightness of modern, energy efficient greenhouses.
To explore this effect we show, in Fig. 8, a 
Discussion
The accuracy of the proposed method for tomato yield prediction could be improved by adjusting some parameters in the model, but such is outside the scope of the present study. Replacing the fundamental equations, such as the photosynthesis equation, by other relations such as polynomials, neglecting fundamental plant functions, should be avoided. Improving the model by making each submodel more general could also be possible by eliminating empirical expressions and adding new components in the CO2 flow algorithms, for example.
However, one must be aware that the model already contains many parameters, each with inevitable uncertainty and that introducing new parameters may actually result in larger errors in the output of the simulation.
Thus, further development must be guided by error analysis and sensitivity tests, as well as subjective value judgements as to the balance between complexity and practical usefulness.
As the model is not a greenhouse model, it requires measured environmental conditions as inputs.
Combined with a greenhouse model, which predicts the greenhouse climate from the conditions outside, it would be one of the few recorded mechanistic and deterministic greenhouse models which predict the yield of the crop in a greenhouse from the outside weather conditions and the 
